This paper looks into the influences of martensitic transformations on the cavitation-erosion (CE) damage initiation mechanism and pitting corrosion resistance of a lean austenitic stainless steel. The ε and α' martensites are prime sites of CE damage initiation for this steel, whereas grain boundaries are more favourable damage initiation sites for other similar steels. The profusion of ε and α' results in fast surface roughening during the CE process, which may cause a compromise in performance when this steel (or similar steels that have the same CE damage mechanism) is used for such applications as hydro-machinery or piping. ε and α' also detrimentally affect the pitting resistance of this steel and so they are expected to affect CE resistance adversely due to the synergism between CE and corrosion.
Introduction
In applications involving high-speed flows, such as turbines and piping, cavitation erosion (CE) is always a problem. In piping systems, for instance, when there is a decrease in pipe diameter in a certain section, the local flow speed will increase and the fluid pressure will drop. If the pressure drop is sufficient, cavitation may occur and the inner wall of the pipe will experience erosion attacks 1 . The piping system may then suffer from vibration or the fluid conveyed in the pipe may experience an increase in pipe wall friction.
While carbon steels have been used in applications in which CE is anticipated 2 , stainless steels are more preferred due to their higher corrosion resistance. In this regard, the martensitic grades 3 and the precipitation-hardening grades 3, 4 of stainless steels have been considered useable. On the other hand, views on the austenitic grades appear to be varied. The CE resistance of austenitic stainless steels (AusSSs) has been stated to be good by some researchers 3, 4 , but inferior by others 5 . Enhancement of CE resistance of the austenitic grades has been shown to be viable using surface engineering techniques, such as friction-stir welding 6 , laser treatments 7 , and nitriding 8 . The lean AusSSs have been gaining popularity in recent years, as reflected by the continual development of new varieties. This popularity arises in a large part from their lower costs. Typically, these steels are high in Mn and N, but low in Ni which is expensive. The lean AusSSs (and the austenite phase of lean duplex stainless steels 9 ) have a propensity for martensitic transformation, either through cooling 10 or plastic deformation 11 . The transformation routes may be from austenite (γ) to the body-centred-cubic martensite (α') directly, or through the hexagonal-closepacked ε martensite, or via deformation twins 12 . When martensitic transformation occurs during the CE process, it provides a cushioning effect by taking up some of the impact energy from the collapsing bubbles. In this regard, martensitic transformation is considered beneficial, as it may reduce mass loss rate during the CE process [13] [14] [15] . Quite frequently, grain boundaries are reported as the prime initiation sites of CE damage [13] [14] [15] . The roles of ε and α' on CE damage initiation, on the other hand, appear to be less examined.
When a material undergoes CE in a corrosive medium, a synergism exists between CE and corrosion 16 , resulting in accelerated material attack. Because austenite and the α' martensite may form a galvanic couple 17 , the α' induced during the CE process is bound to detrimentally affect CE resistance.
The present work is not a chronicle of the CE process of a lean, high-Mn AusSS, as this has already been reported in depth for similar steels. Instead, this work looks into the influences of ε and α' martensites on CE damage initiation, damage morphology and pitting corrosion resistance of a Mn-containing AusSS in 3.5 % NaCl, with the view of gaining a deeper understanding on the role played by ε and α' on the CE damage of lean AusSSs.
Experimental Details
The major elements present in the lean, high-Mn (lowNi) AusSS used in this work are shown in steel was chosen as it contained a relatively low Ni content (which is expensive) and a relatively high Mn content. Although the present steel is not a commercial grade with known designation, results reported below are believed to aid those making decisions on whether similar high-Mn, low-Ni AusSSs are chosen for applications for which CE is a concern. All the samples for CE tests were solution-treated at 1100°C for 1 h and then then quenched rapidly into water. Vibratory CE tests were conducted using a sonicator according to ASTM G 32-06 at 25 ºC in 3.5 % NaCl. CE tests were interrupted at different times for observations of the surface damage morphology of samples using a Hitachi S3400N Type I scanning electron microscope (SEM). Potentiodynamic anodic polarisation tests were done in 3.5 % NaCl with a scan rate of 1 mV/s starting from 0.4 V under the open-circuit potential. For each condition, at least 3 polarisation tests were done. The polarisation curves presented in this work show the general trends of the polarisation tests. The samples for polarisation tests were variously solution-treated between 1100 °C and 1300°C for 1 h and then water-quenched, with the view of assessing the effect of grain size on martensitic transformation and pitting corrosion resistance. Grain size measurements were done with a Leica Image Analyser (Model DMI3000M). The identification of ε and α' was done using X-ray diffractometry (XRD) with a Rigaku MiniFlex 600 diffractometer (CuKα) with a scan rate of 0.1 degree/s.
Results and Discussions

Influence of ε and α'on CE pit initiation and damage morphology
According to XRD results, some as-solution-treated samples contained martensite, whereas some did not. The samples chosen for CE tests were those that did not contain any pre-existing martensite. The XRD spectra taken from one such originally martensite-free sample after it had gone through different CE times are shown in Figure 1 . The variability in presence of martensite was chiefly due to the slight batch-to-batch variation in composition.
Before undergoing the CE process, the sample surface was flat and smooth ( Figure 2) . After undergoing the CE process for 15 min, surface of the sample still looked relatively smooth under the SEM, but both ε and α' were already detectable (Figure 1(a) and (b) ).
Under the SEM, traces of ε and α' could be seen to have formed in some regions. In other regions, these traces could only be vaguely discerned at high magnifications (Figure 3 ).
Very tiny CE pits could be seen to have formed. Although formation of these very tiny CE pits was not just restricted to the regions containing ε and α' traces, they were more numerous in these regions (see the inset of Figure 3) .
One hour into the CE process, twin boundaries, grain boundaries, and martensite traces could be faintly seen, and all of these features appeared more or less at the same time ( Figure 4 ). Diffraction peaks pertaining to ε are more prominent than those pertaining to α' throughout the CE process (Figure 1(b) and (c) ). Nevertheless, diffractions peaks pertaining to α' did exist throughout the CE process ( Figure 1(d) ).
In Figure 4 , tiny CE pits may be seen to have formed on martensite traces (ε and α'). For the twin boundaries and grain boundaries, however, no noticeable CE pits had formed by this time. Therefore, although martensitic transformations are beneficial as far as mass loss rate is concerned [13] [14] [15] , ε and α' are the most favourable sites for CE damage initiation in this case. The relative importance of ε and α' for CE pit initiation, however, cannot be determined, as the two types of martensite are indistinguishable under the SEM. For this reason, ε and α' will be referred to collectively as martensite traces hereinafter.
Soon after the CE process began, numerous martensite traces had been produced in the sample. This profusion of martensite traces facilitated easy coalescence of the CE pits that had formed on them. For two CE pits that were close to each other, the small amount of material between them could be easily ploughed out, resulting in pit coalescence ( Figure 5 ).
The higher susceptibility of martensite traces to CE damage initiation than twin and grain boundaries may be appreciated further by looking at the sample that had gone through the CE process for about 4 hours. In Figure 6 , it is shown that the CE pits that had formed on twin boundaries were still in their infancy. Note that by this time, both twin and grain boundaries had been revealed more clearly. In Figure 6 (b), the grain boundary above the two twin boundaries had not sustained too much damage.
Further down the CE process, more martensite traces were generated and on which new CE pits formed. For the martensite traces that had formed earlier, besides the formation of new CE pits, existing ones had grown along them, as indicated by the arrow in Figure 7(a) ). By this time, CE damage had also grown along twin boundaries and grain boundaries. The extent of CE damage associated with these two types of boundaries, however, was less serious than that associated with the martensite traces. In Figure 7(a) , the more severe CE damage associated with martensite traces compared with the twin and grain boundaries is obvious. The CE damage associated with twin and grain boundaries in another region of the sample is demonstrated in Figure  7 (b), and it may be seen that there was no significant dig-out of material along these boundaries.
As mentioned previously, innumerable martensite traces were produced during the CE process, which resulted in their close proximity to each other. Consequently, the CE pits that had formed on the martensite traces could join easily, thereby forming craters that propagated roughly perpendicularly to the martensite traces (Figure 8 ).
When two CE pits are near each other, the small bit of material between them could be easily torn off by the shock waves generated by collapsing bubbles. Hence, the ductile peeling-off of material involved small bits and flakes, resulting in a damage morphology as shown in Figure 9 . The main damage feature is wide-spread peeling-off of small and shallow bits of material. Once a small chunk of material is removed, ε and α' would form in the newly exposed material within a short time. And the above process will repeat itself. Eventually, a grainy damage morphology consisting of small globs would result (Figure 10) . The grainy morphology shown in Figures 9 and 10 (a) is revealed more clearly in Figure 10 (b), which is a close-up view of the region inside the rectangle in Figure 10(a) . By this time, twin and grain boundaries had also sustained noticeable CE attacks.
In an Fe-16Cr-0.5C-3Mn AusSS, it was found using electron back-scattered diffraction (EBSD) that α' had formed in its grain interiors during the CE process. But in the vicinity of grain boundaries, α' was nearly absent 14 . The scarcity of α' formation near the grain boundary regions in this steel resulted in damage initiation at its grain boundaries. The grain interiors of this steel, on the other hand, did not suffer from extensive CE damage because α' formation dissipated some of the impact energy from the collapsing bubbles. It must be noted that the α' of this steel did not appear to be damage initiation site. In the Fe-16Cr-0.5C-3Ni AusSS investigated in the same work, extensive slip bands, instead of α', had formed during the CE process 14 . These slip bands were found to be favourable damage initiation sites. The paucity of α' formation in this steel was found to be responsible for its poorer CE resistance relative to its Fe-16Cr-0.5C-3Mn counterpart 14 . Similar results have also been observed in a series of Mn-containing AusSSs and Ni-containing AusSSs 13 . For the lean steel used in this work, however, the situation seems to be a mix-up of those of the two steels mentioned in the preceding paragraph. For the present steel, ε and α', instead of slip bands, had formed and they extended all the way up to the grain boundaries. However, these two types of martensites seem to be favourable damage initiation sites, as opposed to the Fe-16Cr-0.5C-3Mn steel mentioned above. For the present lean steel, the formation of ε and α' almost everywhere led to fast roughening of its surface, which may cause the problems mentioned in Introduction when this steel (or similar steels) is used for hydromachinery or piping applications.
In some high interstitial CrMnCN AusSSs, twins and slip lines extending through to the grain boundaries were induced by the CE process 18 . Damage was observed to get initiated at grain boundaries, but not at the twins and slip lines. For the present lean steel, damage appeared to get initiated at both the twin and grain boundaries almost at the same time. From the discussion above, it may be seen that there exist various mechanisms of CE damage initiation for these Mn-containing AusSSs.
Here, it must be emphasised that although ε and α' were found to be favourable initiation sites of CE damage for the present lean steel, it does not mean martensitic transformations are not beneficial to CE resistance. This is because the extent of surface damage may not directly correlate with mass loss rate. For example, for two AISI 304 AusSSs having different grain sizes, the one having a smaller grain size was found to have a lower mass loss rate during the CE process 19 . However, as far as the extent of surface damage is concerned, the AISI 304 steel having a small grain size was more severely attacked in comparison to the one having a bigger grain size, as grain boundaries were the main damage initiation sites 19 .
Influence of ε and α' on pitting corrosion resistance
Upon water-quenching between 1100ºC and 1300 ºC, some of the samples contained α' and ε ( Figure 11 ).
For these martensite-containing samples, their pitting potentials were reduced noticeably compared with their martensite-free counterparts that were quenched from the same temperature (Figure 12) .
When the solution-treatment temperature was raised to 1300ºC from 1100ºC, the pitting potential decreased progressively ( Figure 13 ). The average grain size, however, increased markedly. An increase in grain size is detrimental to pitting corrosion resistance 20 . According to Ralston et al. 21 , a metal that passivates in a given medium will be able to do so more easily when its grain size decreases, as an increase in surface area is conducive to passivation. This is certainly applicable to the present lean steel in 3.5 % NaCl. An increase in grain size also facilitates martensitic transformation 22, Figure 12 : The influence of α' and εon the potentiodynamic anodic polarisation behaviour of the lean steel after quenching from 1100°C. 23 . Both factors are responsible for the reduction in pitting potential as depicted in Figure 13 .
Because corrosion and CE may act synergistically 16 , the reduction of pitting corrosion resistance by α' and ε is expected to compromise CE resistance in corrosive media.
Conclusions
Martensitic transformations involvingε and α' have been proved to be beneficial for cavitation erosion (CE) resistance of austenitic stainless steels by many researchers. However, ε and α' have been found to be the prime damage initiation sites for the present lean steel and they lead to fast surface damage and roughening. The omnipresence of ε and α' in the samples facilitates easy CE pit coalescence and so results in a grainy surface damage morphology. Additionally, ε and α' detract from the pitting corrosion resistance of this steel, which in turn is deleterious to CE resistance in corrosive media.
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